NATIONAL  CENTER  FOR 
COMPOSITE  MATERIALS  RESEARCH 


ONR  FINAL  TECHNICAL  REPORT 

A  DoD  University  Research  Initiatives  Center 
Office  of  Naval  Research,  Arlington,  VA 


Professor  James  Economy 
Principal  Investigator 

March,  1992 


College  of  Engineering 
University  of  Illinois  at  Urbana-Cliampaign 
Urbana,  Illinois  61  (SOI 


92-09783 


92  4  15  05 1 


ONR  Final  Technical  Report 


National  Center  for  Composite  Materials  Research 
at  University  of  Illinois,  Urbana  -  Champaign 


Table  of  Contents 


_ Item _ PagSJ 

Overview  of  Program  1 

ONR  Data  Base  Information  2 

Significant  Results 

1.  Materials  Desig  and  Selection  4 

2.  Processing  of  Thick  Section  Composites  10 

3.  Mechanical  Behavior  of  Thick  Section  Composites  14 

Other  Sponsored  Research  24 

Listing  of  Publications  26 

Listing  of  Technical  Reports  34 

Student  Degree  List  38 

Faculty  /  Postdoctoral  Data  39 

Subcontracting  Universities  -  Technical  Report  Summaries  40 


ONR  FINAL  TECHNICAL  REPORT 
National  Center  for  Composite  Materials  Research 
University  of  Illinois  >  ONR  Contract  #N00014-86-K-0799 


Summary  of  Research 

Description  of  the  scientific  research  goals 

A  key  objective  of  the  ONR-URI  Center  is  to  conduct  basic  research 
on  critical  materials  science,  mechanics,  and  structural  problems 
currently  confronting  the  Navy  and  to  be  encountered  in  its  future 
use  of  advanced  composite  materials.  The  current  emphasis  of  the 
Center's  research  thrust  is  placed  on  thick-section  structural 
composites  and  composite  structures,  since  these  subjects  have 
been  identified  as  major  potential  problem  areas  of  concern  in  the 
present  and  future  high-performance  Navy  structural  systems. 

The  research  program  had  three  major  thrusts,  namely: 

1)  Materials  design  and  selection. 

2)  Processing  of  thick  filament  wound  cylinders. 

3)  Mechanical  behavior  of  thick  section  composites. 

Areas  that  were  emphasized  include: 

a) .  A  broad  based  program  on  new  and  improved  matrices, 
interfaces  and  reinforcing  agents  which  involves  the  efforts  of 
three  faculty  (J.  Economy,  thrust  leader  (acting)). 

b) .  A  team  effort  by  four  faculty  on  processing  of  thick  section 
composites  (C.  Tucker,  thrust  leader). 

c) .  A  coordinated  effort  at  the  micromechanical, 
macromechanical  and  structural  scale  involving  the 
seven  faculty  (D.  Socie,  thrust  leader). 

Statement  A  per  telecon 
Dr,  Roshdy  Barsoum  ONR/ Code  1132 
Arlington,  VA  22217-5000 
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ONR  Data  Base  Information 


R&T  Number:  p400013uf109  rONR  contract#  NQ0014-86-K-0799) 

Contract/Grant  Title:  A  Proposal  for  the  Establishment  of  a  Center 

for  Advanced  Composite  Materials  Research 

Scientific  Officer:  Dr.  Roshdv  S.  Barsoum 

Principal  Investigator:  Professor  James  Economy 

Mailing  Address:  Department  of  Materials  Science  and  Engineering 
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a.  Number  of  papers  submitted  to  referred  journal  but  not  yet 
published:  U5 
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(list  attached)  2J. 
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i.  Number  of  presentations  at  workshops  or  professional  society 
meetings  (list  attached):  none 

j.  Honors/Awards/Prizes  for  contract/grant  employees: 

(see  list  below)  may  include  society  awards/offices,  promotions, 
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k.  Providing  the  following  information  will  assist  with  statistical 
purposes. 
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MATERIALS  DESIGN  AND  SELECTION 


The  materials  effort  at  the  Center  during  the  funding  period 
involved  four  general  areas,  graphite-epoxy  composites, 
thermoplastic  matrices,  liquid  crystal  polymers  as  matrices  and 
coupling  agents,  and  more  recently  ceramic-metal  composites 
consisting  of  aluminum  diboride  flakes  in  an  aluminum  matrix.  The 
work  was  performed  in  the  laboratories  of  three  principal 
investigators,  P.  H.  Geil  (graphite-epoxy,  thermoplastics),  S.  I.  Stupp 
(liquid  crystal  polymers),  and  J.  Economy  (AIB2  -  Al).  The  program 
thus  covered  research  on  materials  in  use  at  the  present  time 
(epoxy-based),  materials  at  the  experiment/production  interface 
(thermoplastics)  and  future  materials  (liquid  crystal  polymers  and 
boride-metal  composites). 

I.  Graphite  -  Edoxv  Systems.  P.H.  Geil 

Thick  Section  Curing  -  Computer  Simulation  and  Experimental 
Measurements 

Thick  part  (>5  cm)  temperature  profiles  have  been  obtained 
from  a  ID  experiment  and  compared  with  the  results  of  a  computer 
simulation  containing  new  and  existing  models  for  extent  of 
reaction,  viscosity  and  composite  properties.  The  simulation 
recovers  the  thermal  behavior  of  a  5  cm  thick,  unidirectional 
Hercules  AS-4/3501-6  graphite/epoxy  composite  part.  Application 
of  consolidation  pressures  based  on  predicted  viscosities  led  to 
dramatic  improvement  in  void  content  of  a  real  part.  The  simulation 
was  used  to  investigate  important  processing  variables  and  changes 
in  chemorheology  and  temperature  in  a  thick  section  part.  The 
following  results  were  found:  initial  extent  of  reaction  is  relatively 
unimportant:  consolidation  is  important:  the  peak  temperature 
originates  near  surface  of  part  and  propagates  to  the  center: 
asymmetric  temperature  application  changes  profiles:  viscosity 
never  reaches  low  values  simultaneously  through  the  thickness  in 
parts  in  excess  of  10  cm  suggesting  single  stage  processing  is 
impractical  for  samples  of  such  thicknesses. 
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MATERIALS  (continued) 


II.  Thermoplastics.  P.H.  Geil 

Physical  Apinp  and  Its  Effect  on  Long  Term  Creep.  Stress  Relaxation 
and  Fracture  Toughness 

Long  term  creep  is  always  listed  as  a  potential  detrimental 
problem  in  elevated  temperature  applications  of  composites  with 
thermoplastic  polymer  matrices;  in  crystalline  polymers  as  used 
above  Tg  and  in  amorphous  polymers  as  the  use  temperature 
approaches  Tg.  In  previous  work  in  the  Center,  A.  Miyase  showed 
near  cessation  of  creep  in  composites  based  on  the  crystalline 
polymer  Jl  in  the  viscoplastic  load  range  at  temperatures  near  but 
above  Tg.  We  have  shown  similar  effects  in  composites  based  on 
the  amorphous  polymer  Torlon  near  but  below  Tg.  In  the  latter  case 
the  shrinkage  and  increase  in  stiffness  due  to  physical  aging  was 
shown  to  "compensate"  for  the  creep  due  to  the  applied  load.  Similar 
studies  of  long  term  creep,  recoverable  creep  and  changes  in 
physical  properties  due  to  aging  above  the  nominal  Tg,  have  also 
been  completed  on  Jl  and  JI/AS4  composite  at  and  above  Tg.  Jl  is 
semicrystalline:  the  aging  in  this  case  is  attributed  to  the  presence 
of  a  distributed  or  double  Tg.  The  studies  of  Torlon  were  also 
extended  to  examine  the  concurrent  effect  of  physical  aging  and 
stress  relaxation  and  the  effect  of  physical  aging  on  fracture 
toughness  at  elevated  temperatures.  The  results  to  date  suggest 
long  term  creep  in  tension  should  not  be  a  problem  ir.  thermoplastic 
resin  composites,  the  molecular  motions  involved  in  physical  aging 
compensating  for  those  occurring  in  creep:  in  compression,  however, 
the  two  effects  would  have  the  same  sign.  In  addition  the  results 
clearly  demonstrate  the  inadequacy  of  time-temperature 
superposition  for  predicting  long  term  physical  properties. 

Characterization  of  Jl  and  Jl  /A54  Composites 

JI/AS4  composite  has  been  utilized  in  the  Center  as  a  generic 
thermoplastic  matrix  composite  -  for  materials  science,  mechanics 
and  structural  research.  The  materials  characterization  has  been 
completed.  Results  include:  a)  X-ray  diffraction  and  DSC  studies 
have  shown  complex,  temperature  dependent,  reversible  and 
irreversible  changes  in  the  crystal  structure  of  the  neat  resin  with 
accompanying  changes  in  physical  properties  of  both  resin  and 
composite.  In  particular  annealing  at  240°C  results  in  an 
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MATERIALS  (continued) 


irreversible  crystal-crystal  phase  change  and  a  significant 
improvement  in  properties  and.  b)  modeling  of  moisture  diffusion 
into  Jl  composites  has  been  successful  permitting  correlation  with 
experimental  measurements  of  moisture  diffusion  and  the 
accompanying  changes  in  physical  properties. 

III.  Liquid  Crystal  Polymers.  S.  Stupo 
Main  Chain  Nematic  Polymers 

In  the  early  part  of  the  program  we  investigated  a  model 
system  consisting  of  a  main  chain  nematic  polyester  as  a  matrix 
surrounding  carbon  fibers.  The  first  phase  of  this  work  involved 
studies  of  molecular  orientation  in  the  matrix  as  affected  by  the 
presence  of  carbon  fibers.  Using  microscopy  and  broadline  NMR 
measurements  we  discovered  that  fibers  created  long  range 
orientation  of  polymer  molecules  around  them.  A  consequence  of 
this  phenomenon  was  a  faster  rate  of  macroscopic  orientation  in  the 
matrix  under  an  external  force  In  the  presence  of  dispersed  fibers. 

In  the  second  phase  of  this  work  we  demonstrated  the  feasibility  of 
chemically  grafting  these  nematic  polymers  to  carbon  fibers.  This 
was  accomplished  through  a  methodology  in  which  monomers  were 
polymerized  in  the  presence  of  oxidized  fibers.  Electron  microscopy 
demonstrated  excellent  wetting  at  the  fiber-matrix  interface  in  the 
grafted  fibers.  In  great  contrast  model  composites  containing  the 
same  fibers  and  matrix  revealed  extremely  poor  interfacial  bonding. 

Side  Chain  Liquid  Crystal  Polymers 

Our  work  on  main  chain  nematic  polymers  suggested  the 
possibility  of  using  side  chain  liquid  crystal  polymers  to  design 
molecularly  ordered  interfaces  in  advanced  composite  materials.  We 
were  able  to  synthesize  comb-shaped  self-ordering  polymers  in 
which  molecular  teeth  were  functionalized  at  their  termini.  These 
chemical  functions  could  be  used  in  principle  to  create  covalent 
bonds  between  organic  molecules  at  the  interface  and  the  surfaces 
of  fibers.  Furthermore,  these  same  functions  may  also  form  bonds 
with  polymeric  materials  used  as  composite  matrices  thus  opening 
the  door  to  the  concept  of  self-ordering  coupling  agents. 

During  this  past  year  we  investigated  the  possibility  of 
converting  the  functionalized  side  chain  liquid  crystal  polymer  into 
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MATERIALS  (continued) 


Langmuir-Blodgett  (LB)  thin  films  to  create  monolayers  of 
molecules  on  carbon  fiber  surfaces.  The  unique  properties  of  these 
LB  films  were  used  to  form  highly  ordered  monomolecular  layers  of 
coupling  agents  at  carbon  fiber-matrix  interfaces  and  the  properties 
of  the  resulting  composites  were  studied.  The  polymer  investigated 
was  the  liquid  crystalline  amphiphile  synthesized  and  studied  in 
previous  years  of  the  project  which  has  the  potential  to  form 
ordered  monolayers  on  both  polar  and  non-polar  substrates  such  as 
glass  slides  and  carbon  fibers.  The  possible  structures  are  shown 
below. 


The  functionalized  carbon  fibers  (AS4  12K,  Hercules  Inc.)  were 
used  as  received.  Transfer  of  LB  films  of  the  polymer  on 
functionalized  carbon  fibers  was  tested  with  various  bases  and 
after  dipping  the  fibers  were  dried  in  vacuo  overnight  at  50°C. 
Measurement  of  contact  angles  on  fibers  verified  the  effectiveness 
of  the  LB  transfer.  The  measurements  also  revealed  that  layers 
were  most  likely  transferred  with  phenolic  functional  groups 
exposed  on  the  outer  surface.  For  the  fibers  coated  with  polymer, 
contact  angle  measurements  indicated  a  small  contact  angle  for 
water  due  to  the  high  hydrophilicity  of  the  phenolic  groups.  These 
groups  are  capable  of  reacting  with  epoxide  groups  of  the  matrix¬ 
forming  monomer. 
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MATERIALS  (continued) 


Single  fiber  tests  were  then  carried  out  on  dipped  fibers 
encapsulated  in  a  cured  epoxy  matrix.  A  striking  result  was 
observed,  namely,  the  permanent  birefringence  obtained  with  coated 
fibers  is  1.8  times  greater  than  the  one  recorded  with  the  control 
fibers.  This  suggests  that  the  strength  of  interfacial  adhesion  is 
very  much  increased  by  the  presence  of  a  single  molecular  layer  of 
polymer  at  the  fiber/matrix  interface. 

It  can  be  concluded  that  the  fibers  coated  with  a  film  of 
monomolecular  thickness  show  a  clear  improvement  in  load  transfer 
at  the  fiber/matrix  interface  relative  to  controls.  Stress 
birefringence  revealed  pronounced  plastic  deformation  in  the  matrix 
caused  by  a  strong  interfacial  adhesion.  Furthermore,  critical  length 
data  from  single  fiber  tests  revealed  an  increase  in  interfacial 
shear  strength  tc.  This  improvement  in  tc  is  probably  due  to  covalent 
bonds  formed  between  the  phenolic  groups  of  the  polymer  side 
chains  and  the  oxirane  hngs  of  the  matrix  and  also  to  highly  ordered 
boundary  zones  around  the  fibers.  This  improvement  in  interfacial 
adhesion  is  even  clearer  than  in  fibers  that  were  chemically  grafted 
with  the  same  polymer.  As  far  as  we  know  our  results  are  the  first 
to  demonstrate  a  direct  link  between  a  well  defined  molecular  scale 
modification  of  a  fiber  surface  and  macroscopic  properties  of  a 
composite  system. 

IV.  Boride  -  Al  Systems.  J.  Economy 

The  goal  of  this  project  was  to  prepare  single  crystal  flakes  of 
AIB2  which  could  greatly  enhance  the  compressive  properties  of 
ternary  composites  consisting  of  alternating  plies  of  graphite  fibers 
and  AIB2  flakes  in  an  epoxy  matrix  and  still  permit  for  high 
directional  properties.  Single  crystal  flakes  of  AIB2  measuring  a 
few  microns  in  thickness  and  several  mm  in  width  have  been  shown 
to  provide  excellent  compressive  properties  in  an  epoxy  matrix.  In 
fact  such  composites  display  flexural,  tensile  and  compressive 
modulus  values  in  the  plane  comparable  to  what  one  observes  with 
high  modulus  graphite  fibers  in  one  direction.  One  problem  with 
these  composites  has  been  the  presence  of  cubic  crystals  of  a-AIB2 
which  greatly  compromise  the  strength  properties.  It  would  be 
highly  desirable  to  develop  a  synthetic  route  which  uniquely  yields 
the  AIB2  crystals. 


MATERIALS  (continued) 


Major  progress  was  made  in  setting  up  a  high  temperature 
reactor  for  crystallizing  AIB2  flakes  in  molten  aluminum.  A  furnace 
has  now  been  developed  to  produce  AIB2  flakes  dispersed  in  an 
aluminum  matrix  through  a  peritectic  reaction  which  would  avoid 
formation  of  a-AIBl2.  The  method  that  is  being  utilized  involves  the 
bubbling  of  boron  trichloride  through  molten  aluminum  at  a 
temperature  just  below  the  peritectic  point.  Also,  an  apparatus  is 
being  devised  to  produce  the  flakes  in  an  aluminum  matrix  in  order 
to  optimize  the  size  and  volume  fraction  of  the  flakes  at  various 
reaction  temperatures,  cooling  rates,  and  reaction  times.  This 
second  apparatus  has  been  designed  and  is  expected  to  be  built  by 
the  end  of  February. 
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Mechanics  of  Processing  of  Composite  Materials 


The  manufacture  of  thick  composite  sections  poses  unique 
processing  problems  which  have  not  been  addressed  in  conventional 
composites  manufacturing.  For  thick  section  parts  the  low  thermal 
conductivity  of  the  polymer  matrix  leads  to  thermal  lagging  in  the 
heating  phase  of  the  process  cycle,  and  thermal  spiking  during  the 
exothermic  cure  between  interior  temperatures  and  skin  or 
autoclave  temperatures.  High  residual  stresses  can  lead  to  matrix 
micro  cracking  and  transverse  cracking  during  the  cooldown  phase  of 
the  process  cycle.  The  utilization  of  prepreg  tapes  in  the  lay-up  or 
filament  winding  of  thick  sections  can  cause  non  uniform 
consolidation  through  the  thickness.  Additionally,  the 
manufacturing  time  for  thick  sections  utilizing  conventional 
manufacturing  techniques  is  estimated  to  be  quite  long. 

These  issues  were  addressed  through  a  coordinated  group  of 
projects.  The  individual  topics  included: 

•  assessment  of  conventional  curing  methods  for  very  thick 
sections 

•  exploration  of  staged  curing  strategies 

•  modeling  of  residual  stresses  in  filament  winding 

•  development  and  examination  of  a  continuous  curing  process 

Conventional  Curing  of  Thick  Sections.  P.H.  Geil 
Numerical  models  for  the  temperature  and  cure  histories  in 
autoclave-type  curing  were  tested  against  experiments  on  thick 
sections  of  glass-epoxy  and  carbon-epoxy  composites.  The 
experiments  involved  200-ply  laminates  with  embedded 
thermocouples.  The  results  show  that  the  model  must  include  the 
influence  of  consolidation  on  the  thermal  properties  of  the 
composite  to  achieve  quantitative  agreement  with  the  experiments. 
The  manufacturer’s  recommended  cure  schedules  for  “thick” 
sections  gave  better  control  of  the  reaction  exotherm  than  the  thin- 
section  curing  schedules.  However,  the  calculations  reveal  that 
thicker  sections  (10  cm  and  up)  cannot  be  cured  satisfactorily  using 
conventional  techniques.  In  these  very  thick  sections  the  outer 
layers  gel  before  the  center  of  the  laminate  has  become  warm;  there 
is  no  time  at  which  the  resin  is  fluid  across  the  entire  laminate,  so 
there  is  no  opportunity  to  consolidate  the  part. 
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PROCESSING  (continued) 


Staged  Curing.  S.  White 

To  address  this  issue  a  modified  manufacturing  technique  called 
stage-curing  was  investigated.  In  this  technique  a  certain  thickness 
of  material  is  wound  (filament  winding)  or  layed-up  (hand  lay-up) 
and  subjected  to  a  partial  cure  in  which  gelation  is  induced.  The 
incremental  thickness  is  also  consolidated  during  this  step.  Another 
incremental  thickness  is  then  applied  on  top  of  the  first,  and  the 
assembly  is  again  subjected  to  a  partial  cure  to  gelation.  In  this 
fashion  the  part  thickness  is  increased  in  stages  until  the  final 
thickness  is  achieved.  Afterwards,  the  entire  structure  is  subjected 
to  a  finishing  cure  cycle.  Structures  manufactured  by  staged  curing 
are  uniformly  cured  and  posses  uniform  fiber  volume  distribution 
through  the  thickness. 

Staged  cured  specimens  of  two  polymer  composite  systems  were 
optically  examined  for  process  quality  and  tested  for  mechanical 
integrity  utilizing  the  DCB  and  interlaminar  shear  tests. 

Preliminary  studies  on  a  BMI  matrix  system  (BASF  5250-2) 
indicated  a  significant  reduction  in  DCB  mode-1  interlaminar 
fracture  toughness  for  stage  curing.  Subsequent  testing  of  a 
graphite/epoxy  system  (AS4/3501-6)  led  to  the  same  conclusions. 
However,  microscopic  analysis  of  these  specimens  showed 
significant  void  production  for  stage  cured  specimens  while  void- 
free  laminates  were  achieved  for  conventional  curing.  Subsequently, 
two  approaches  were  utilized  to  correct  this  problem.  In  the  first, 
several  cure  cycle  modifications  were  investigated  to  suppress  void 
production  in  the  stage  curing  of  laminates.  It  was  found  that 
increased  consolidation  pressure  together  with  recycled  stage  one 
processing  effectively  suppressed  void  production  for  stage  curing. 
Secondly,  interlaminar  shear  specimens  were  manufactured  for  both 
stage  curing  and  conventional  curing.  The  interlaminar  shear  test  is 
relatively  insensitive  to  small  variations  in  void  content  between 
the  two  groups  of  specimens.  Mechanical  testing  of  these  specimens 
yielded  results  which  indicated  no  sacrifice  in  interstage  bonding. 


PROCESSING  (continued) 


Residual  Stresses.  S.  White 

Research  was  also  carried  out  on  the  modeling  of  processing-induced 
residual  stresses  in  filament  wound  composites.  The  model  is 
thermoelastic  and  accounts  for  chemical  and  thermal  deformations 
during  cure  and  allows  for  cure  dependence  of  mechanical  properties. 
The  thermal  distribution  is  solved  using  an  explicit  marching 
scheme  and  the  equilibrium  equations  are  solved  using  generalized 
plane  strain  finite  elements.  This  model  was  used  to  investigate  the 
influence  of  several  processing  and  material  parameters  on  the 
residual  stress  distribution. 

The  influence  of  mandrel  material  was  investigated  by  varying 
mandrel  stiffness  and  thermal  expansion.  For  high  stiffness  and  low 
thermal  expansion  materials,  the  separation  time  during  cooldown  is 
much  shorter.  This  significantly  effects  the  final  residual  stress 
profile.  For  an  aluminum  mandrel  the  maximum  hoop  residual 
stresses  are  located  next  to  the  mandrel  surface  and  were 
calculated  to  be  25  MPa.  For  a  steel  mandrel  the  maximum  is  now 
located  on  the  outer  surface  of  the  composite  tube  and  is  reduced  in 
magnitude  to  15  MPa.  As  the  chemical  shrinkage  of  the  matrix 
material  is  increased  the  radial  and  hoop  stresses  become 
increasingly  critical.  The  maximum  hoop  stress  at  the  inner  surface 
of  the  composite  increases  by  a  factor  of  two  for  a  volumetric 
chemical  shrinkage  of  5%. 

Continuous  Curing.  S.  White  and  C.  Tucker 
Another  strategy  for  making  very  thick  sections  is  continuous 
curing.  Composite  pre-preg  is  wound  or  laid  up  continuously  onto  a 
heated  mandrel  or  tool.  When  the  process  is  managed  properly,  a 
cure  front  propagates  out  from  the  tool  at  the  same  speed  that  the 
thickness  of  the  composite  is  growing.  The  cure  front  stays  a  fixed 
distance  below  the  surface,  and  consolidation  can  take  place  in  this 
uncured  layer.  Thermal  analysis  shows  that  staged  curing  can  be 
accorr,''lished  without  any  over-temperature  in  the  composite, 
regardless  of  thickness.  Also,  the  cured  composite  is  held  at  a 
uniform  temperature,  minimizing  thermal  stresses  during  the  lay-up 
or  winding  stage.  This  is  a  contrast  to  current  “cure-on-the-fly” 
approaches,  which  heat  the  pre-preg  as  it  is  laid  down. 


PROCESSING  (continued) 


Both  modeling  and  experiments  have  been  used  to  study  the 
continuous  curing  process.  We  have  identified  certain  conditions 
under  which  the  curing  process  is  unstable,  and  have  shown 
experimentally  that  thick  sections  can  be  cured  this  way.  This 
process  deserves  further  study  as  an  approach  to  making  very  thick 
composites  with  thermoset  matrices. 

Summary.  C.  Tucker 

In  summary,  conventional  curing  methods  are  completely  unsuitable 
for  very  thick  section  composites.  The  use  of  stage  curing  for  thick 
section  composites  was  shown  to  be  feasible,  in  that  no  mechanical 
degradation  of  the  bondline  between  staged  sections  was  found.  Low 
void  content  specimens  were  produced  using  AS4/3501-6  with  stage 
one  corresponding  to  the  initial  consolidation  dwell  of  the 
manufacturer’s  recommended  cure  cycle.  For  filament  winding  of 
thick  section  composites  the  use  of  a  low  chemical  shrinkage  resin 
is  advantageous  for  reduction  of  processing-induced  residual 
stresses  and  residual  stress  distributions  can  be  controlled  through 
the  proper  choice  of  mandrel  materials.  A  new  processing  approach, 
continuous  curing,  offers  a  way  to  overcome  the  thermal  limitations 
in  the  manufacture  of  very  thick  sections 


Mechanical  Behavior  of  Composite  Laminates 
Summary 

The  mechanical  behavior  of  composite  materials  have  been  studied 
at  three  different  levels:  micromechanical,  macromechanical  and 
structural  scales.  Micromechanical  studies  included  a  study  of  the 
glass  transition  temperature  changes  at  the  interphase  between  the 
fiber  and  matrix.  Micromechanical  modeling  and  microstructural 
analysis  was  used  to  study  the  failure  mechanisms  of  carbon  fiber 
laminates  under  compressive  deformation.  Biaxial  compression 
tests  were  conducted  on  laminates  to  determine  the  failure  modes 
and  failure  mode  dependence  for  multiaxial  loading  conditions. 
Structural  analysis  consisted  of  a  study  of  the  buckling  behavior  of 
stiffened  shells  and  the  development  of  a  material  model  for 
nonlinear  structural  analysis.  A  short  summary  of  the  various 
research  projects  is  presented. 

Micromechanical 


The  Influence  of  the  Fiber/Matrix  Interface  on  Local  Glass  Transition 
Temperatures  in  Composites.  N.R.  Sottos 

Local  structure  and  properties  of  the  interphase  is  crucial  to 
understanding  how  the  interphase  influences  the  overall 
thermomechanical  behavior  of  a  composite  laminate.  Recent 
theoretical  investigations  present  evidence  for  the  existence  of  an 
interphase  region  with  a  glass  transition  temperature  that  is 
significantly  lower  than  that  of  the  neat  resin.  In  the  current  study 
both  interferometric  measurements  and  single  fiber  critical  length 
tests  were  performed  on  samples  with  tailored  interphases  to 
further  investigate  variations  in  local  glass  transition  temperature 
and  its  influence  on  micromechanical  behavior.  Three  different 
interphase  conditions  were  considered:  fibers  coated  with  a  low  Tg 
resin  (EPON  871),  fibers  coated  with  a  high  Tg  resin  (EPON  164),  and 
untreated  fibers  (no  coating).  Experimental  results  support  the 
existence  of  a  reduced  glass  transition  temperature  near  the  fiber 
surface.  Additionally,  the  significant  influence  of  the  interphase  Tg 
on  thermally  induced  microcracking  was  demonstrated. 
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MECHANICS  (continued) 


Compressive  Fatigue  of  Carbon  Fiber  Reinforced  Polvmer-Matrix 
Composites.  J.K.  Shang 

A  preliminary  study  on  the  compressive  fatigue  behavior  was 
conducted  in  carbon  fiber  reinforced  epoxy  composites  with  ply 
orientations  of  0°,  (+/-  45°)s  and  (90®)s  under  uniaxial  compression 
and  pure  bending  conditions.  The  primary  objective  of  the  research 
was  to  understand  the  relationship  between  the  compressive 
strength  of  the  composite  and  the  properties  of  the  composite 
constituents.  It  was  found  that  the  compressive  strength  of  carbon 
fiber  composite  is  adversely  affected  by  constant  amplitude  fatigue 
loading.  The  loss  in  compressive  strength  due  to  constant  amplitude 
fatigue  depends  on  fiber  orientation;  for  three  fiber  directions,  0“, 
+/-45°  and  90°,  0°  composite  suffers  the  most  strength  reduction. 
Examinations  of  the  failure  mechanism  revealed  that  interfacial 
failure,  which  takes  the  form  of  axial  cracking  in  0°  composite, 
delamination  in  +/-45°  and  fiber/matrix  bebonding  in  90°  specimen, 
is  the  primary  damage  mechanism  under  compressive  fatigue.  In  the 
0°  composite,  it  was  observed  for  the  first  time  that  the  composite 
exhibits  cyclic  strengthening  behavior  following  step  loading.  The 
compressive  strength  and  the  compressive  modulus  of  the  composite 
are  shown  to  increase  with  compressive  fatigue  loading.  The 
physical  basis  for  the  cyclic  strengthening  behavior  is  not  clear  at 
this  time  but  appears  to  be  the  compaction  of  polymer  molecules 
upon  unloading  following  the  matrix  plastic  deformation. 

Macromechanical 

Biaxial  Compressive  Behavior  of  Composite  Laminates.  D.F.  Socie 

A  test  system  for  evaluating  in-plane  biaxial  compressive 
deformation  was  developed.  A  special  test  fixture  was  used  to  apply 
biaxial  loads.  These  tests  were  conducted  in  a  test  frame  that  has 
four  independent  liner  actuators  arranged  in  a  cruciform  shape. 
Alignment  of  the  loading  axis  Is  critical  for  conducting  compression 
tests.  Flexible  end  reinforcements  were  used  to  transfer  the 
external  loads  to  a  square  specimen  where  the  entire  specimen  is 
subjected  to  a  uniform  compressive  load.  The  flexible 
reinforcement  is  stiff  only  in  the  loading  direction.  Compressive 
strengths  from  this  new  specimen  are  considerably  lower  than  those 


MECHANICS  (continued) 


obtained  from  standard  IITRI  specimens.  This  difference  is  due  to  a 
change  in  failure  mode.  A  strength  and  failure  mechanism  study  of 
E-Glass/Epoxy  laminates  subjected  to  uniaxial  and  in-plane  biaxial 
compression  loadings  was  conducted.  Specimen  configuration  was 
found  to  have  a  large  influence  on  the  damage  mechanism  and 
resulting  strength  of  the  laminates.  Standard  compression  test 
specimens  with  a  gage  section  of  12.5  mm  fail  in  a  shear  damage  or 
a  kink  band  mode.  In  large  125  mm  square  specimens,  significant 
delamination  precedes  shear  failures  and  reduces  the  failure 
strength  by  20-35%.  The  biaxial  compressive  failure  envelope  for  E- 
Glass/Epoxy  is  adequately  described  by  a  maximum  stress  or  a 
maximum  strain  criteria  that  considers  the  different  failure  modes. 
Estimates  of  the  failure  envelope  based  on  small  compression  test 
specimens  where  the  failure  mode  is  a  shear  or  a  kink  band 
overestimates  the  strength  of  the  large  square  biaxial  test 
specimens. 
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MECHANICS  (continued) 


The  circular  data  points  along  the  axis  represent  standard  IITRI 
tests.  Biaxial  test  data  is  shown  with  square  datapoints. 

Delamination  growth  in  Biaxial  Compression.  D.F.  Socie 

Deiamination  growth  in  laminated  composites  was  investigated 
under  biaxial  compressive  stresses.  The  critical  stress  to  initiate 
and  grow  a  pre-existing  delamination  was  calculated  using  an  energy 
criteria  and  fracture  mechanics.  An  expression  was  derived  for  this 
critical  stress  as  a  function  of  the  material  properties  and  size  of 
the  delamination.  Delaminations  were  introduced  in  the  specimens 
during  manufacture  by  placing  Teflon  tapes  between  plies.  Tests 
were  then  conducted  on  unidirectional  and  cross  ply  E-Glass/Epoxy 
10  ply  laminates  and  found  to  be  in  close  agreement  with  the 
predicted  values.  Thick  section  laminates  (50  ply)  fail  by 
delamination  during  normal  testing.  Introduction  of  additional 
delaminations  did  not  reduce  the  strength. 

Failure  Criteria  for  Cutouts  under  Biaxial  Compression  Loading,  D.F. 
Socie 

An  experimental  investigation  was  conducted  to  study  the  failure 
strength  and  damage  mechanisms  of  notched  composite  laminates 
under  biaxial  compression  loading.  Square  specimens  (125  mm) 
were  made  from  ASTM  G-10  orthotropic  woven  composite  laminates 
by  drilling  20  mm  diameter  center  holes.  Flexible  end 
reinforcements  were  employed  to  prevent  edge  failure  and  lateral 
supports  were  used  to  prevent  structural  buckling.  Under  biaxial 
compression  loading,  one  or  two  fractures  nucleated  from  the  edge 
of  the  hole  perpendicular  to  one  of  the  two  compression  loadings 
depending  on  the  biaxial  loading  ratio.  Fracture  surfaces  of  failed 
specimens  were  observed  in  an  SEM  and  kinking  bands  at  the  notch 
root  were  found  to  control  the  failure  of  the  specimens  under  both 
uniaxial  and  biaxial  loadings.  Remote  failure  stress  and  strain  of 
notched  specimens  under  uniaxial  compression  is  about  50%  of  the 
failure  stress  and  strain  obtained  from  unnotched  specimens.  Under 
biaxial  compression  loading,  remote  failure  stress  and  strain  in  one 
direction  are  increased  linearly  with  increased  external  loads  in  the 
perpendicular  direction.  Stress  and  strain  at  the  notch  root  were 
computed  numerically  and  experimentally.  The  average  stress  and 
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strain  at  the  notch  root  were  found  to  control  the  formation  of  kink 
bands  and  strength  of  the  laminate.  A  generalized  stress 
concentration  factor  based  on  the  average  stress  criteria  was 
successfully  used  to  estimate  the  failure  strength  of  the  notched 
laminates  under  biaxial  compression  loading. 

Failure  Mechanisms  and  Strength  of  Composite  Tubes  under  Biaxial 
Loading.  D.F.  Socie 

Failure  mechanisms  and  strength  were  determined  on  tubular 
specimens.  Loadings  consisted  of  tension,  compression,  internal 
pressure,  external  pressure,  torsion  and  combined  loading.  These 
loading  conditions  allow  any  combination  of  in-plane  loading  to  be 
applied  to  the  specimens.  Special  test  fixtures  and  extensometers 
for  measuring  the  deformations  during  these  complex  multiaxial 
loadings  were  developed.  A  woven  fabric  composite,  ASTM  G-10  was 
selected  for  these  studies  as  being  representative  of  a  class  of 
composite  materials.  Warp  fibers  run  parallel  to  the  axis  of  the 
tubular  specimen.  Fill  fibers  run  in  the  hoop  direction.  Tensile 
loading  produces  tensile  fiber  failures  in  the  fill  direction. 
Compression  loading  resulted  in  out-of-plane  kink  bands.  External 
pressure  loading  of  the  tubular  specimens  resulted  in  delamination 
failures.  Note  that  the  failure  modes  are  independent  and  the 
transverse  stress  does  not  affect  the  failure  mode  or  failure 
strength.  As  a  result  the  failure  envelope  is  rectangular.  Three  sets 
of  data  are  shown  for  this  material.  The  standard  IITRI  test  results 
is  plotted  along  the  axis  and  has  the  same  strength  as  the  other 
specimens.  Square  plate  specimen  data  is  plotted  with  solid  square 
symbols  in  the  biaxial  compression  quadrant.  Tubular  data  is  plotted 
with  open  symbols.  Note  the  difference  in  compression  loading.  Flat 
plate  specimens  failed  in  a  kink  band  mode  and  had  strengths  that 
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OpCMPt) 

Damage  Modes  for  In-Plane  Tension  and  Compression 

were  predicted  by  the  standard  test.  The  tubular  specimens 
delaminated  under  external  pressure  loading  before  the  kinking 
mechanism  could  operate.  Fiber  tensile  failure  occurs  for  tensile 
loading.  Matrix  tensile  failure  occurs  for  torsion  loading.  Combined 
tension  and  torsion  loadings  show  two  independent  failure 
mechanisms.  In  combined  compression  and  torsion  loading  in-plane 
kink  bands  are  formed.  Increasing  the  torsional  loads  reduces  the 
compressive  load  carrying  capacity  of  the  tubes.  This  is  caused  by  a 
rotation  of  the  warp  fibers  during  torsional  loading.  The  fibers 
rotate  as  much  as  10®  during  the  shear  loading.  As  a  result,  in-plane 
kinking  is  enhanced.  Experiments  with  external  pressure  and  torsion 
show  no  interaction  between  the  two  loads  because  the  fill  fibers 
(hoop  direction)  do  not  rotate  during  torsion  loading.  These  tests 
show  the  Importance  of  considering  the  failure  mechanisms  in 
biaxial  loading.  A  complete  description  for  the  in-plane  strength  of 
this  woven  composite  has  been  established.  Failure  mode 
independent  strength  theories,  Homman,  Fisher,  Hill,  Tsai-Wu  and 
Tsai-Hill  do  not  reflect  the  data  obtained  in  these  experiments,  for 
example,  they  are  incapable  of  predicting  the  difference  between 
applying  axial  compression  or  external  pressure  with  torsion. 
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Compressive  Deformation  and  Failure  ■Mechanisms  of  Unidirectional 
Carbon  Fiber  Reinforced  Plastics.  H.  Sehitoolu 


Experimental  and  theoretical  methods  were  used  to  characterize  the 
deformation  and  failure  mechanisms  of  unidirectional  carbon  fiber 
reinforced  plastics.  The  experimental  program  included  the 
manufacture  and  design  of  AS4/3501-6  carbon-epoxy  composite 
specimens  and  the  development  of  experimental  apparatus  for 
elevated  temperature  testing  of  carbon  fiber  reinforced  plastics. 
Monotonic  tension  and  compression  experiments  were  conducted  on 
3501-6  epoxy  resin  and  AS4/3501-6  carbon-epoxy  carbon-epoxy 
composites  at  temperatures  ranging  from  25°  to  200°C.  The  tensile 
and  compressive  strengths  of  both  materials  decrease  with 
increasing  temperature.  Compressive  failure  is  dominated  by 
longitudinal  splitting  at  temperatures  up  to  100°C.  Above  this 
temperature,  the  soft  matrix  allows  fiber  instability  to  dominate 
failure.  A  three  dimensional  numerical  model  was  developed  to 
investigate  the  effects  of  localized  deformation  on  the  compressive 
deformation  behavior  of  the  composite  due  to  thermal  and 
mechanical  property  mismatch  of  the  constituents,  fiber 
misalignment,  and  fiber  clustering.  It  was  demonstrated  that  the 
matrix  undergoes  localized  tensile  stresses  under  compressive 
loading.  The  onset  of  matrix  failure  is  predicted  based  on  local 
stress-strain  behavior. 


Structural 


Material  Models  for  Structural  Analysis  of  Thick _ Segtifl.D 

Composites.  D.  Pecknold 


A  traditional  micromechanical  approach  which  considers  the 
material  response  on  a  detailed  ply-by-ply  basis  is  not  feasible  for 
numerical  modeling  at  the  structural  or  component  level  to  predict 
overall  strength  and  stability.  A  new  three  dimensional  nonlinear 
material  modeling  approach  for  thick  section  composites  was 
developed.  The  model  consists  of  two  main  components:  a  lamina 
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micro-model  containing  fiber  and  matrix  elements  and  a  simplified 
unit  cell  analysis:  and  a  sublaminate  model  which  properly  enforces 
equilibrium  of  out-of-plane  stresses.  Evaluations  show  excellent 
agreement  with  detailed  numerical  micro-modeling  of 
graphite/epoxy  laminates.  A  nonlinear  power  law  material  model 
was  incorporated  to  model  matrix  softening.  Effects  of  matrix 
nonlinearity  on  structural  stability  were  determined. 


The  Buckling  Behavior  of  Thick  Section.  Stiffened  Composite  Shells. 

LD^  Parsons 


The  basic  objective  of  this  work  was  to  obtain  a  detailed 
understanding  of  the  buckling  behavior  of  stiffened,  composite 
shells.  Effects  of  mode  interaction  and  imperfections  have  been 
investigated.  The  most  important  result  of  this  research  has  been 
an  understanding  of  the  effect  of  orthotropy  on  the  nonlinear 
prebuckling  deformation  of  shells.  This  arose  through  comparisons 
of  different  techniques  that  are  commonly  used  to  compute  buckling 
loads  of  stiffened  shells  modeled  with  finite  elements.  Often  a 
linerized  buckling  analysis  is  used  where  the  buckling  load  is 
computed  by  solving  a  linear  eigenvalue  problem.  Comparisons 
between  the  bucking  loads  with  different  codes  shows  a  large 
variation  in  computed  buckling  loads.  These  differences  were 
explained  by  discovering  that  cylindrical  shells  with  length  to 
radius  ratios  less  than  two  are  substantially  more  stiff  in  one 
direction  (circumferential)  than  the  other  (axial)  and  experience 
nonlinear  prebuckling  deformations.  Linearized  buckling  analysis 
cannot  predict  the  collapse  loads  of  these  shells. 
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Numbar  of  Ring  SUflerwrs 


Buckling  Loads  for  a  Family  of  Ring  Stiffened  Shells 


L  =  2.38"  E  =  10.4  X  10^  psi 
R  =  4"  V  =  0.3 
hhell  =  0.023" 
tstiff  =  0.017" 

Basic  Stiffened  Shell  Configuration. 

(The  number  and  depth  of  the  stiffeners  were  varied  by  holding  all  other  dimensions  fixed, 
and  keeping  the  ratio  of  stiffener  material  to  shell  wall  material  in  the  generator  shown  con¬ 
stant  at  0.24.) 
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OTHER  SPONSORED  RESEARCH 

(Include  title,  sponsor's  name,  dollar  amount  and  period) 


Economy  -  ONR/DARPA,  "Improved  Compressives,"  10/1/90  - 
10/1/92,  $465,000. 

Parsons  -  NSF,  "Presidential  Young  Investigator  Award,"  9/1/91 
through  9/1/96,  $125,000. 

Sehitoglu  -  Brenco  Inc.,  "Micro-Mechanics  of  Cone  Bore  Growth," 
1/1/91  -  12/31/91,  $43,520. 

Sehitogiu  &  Socie  -  Mitsubishi  Inc.,  "Mechanisms  of  Strengthening 
and  High  Temperature  Properties  of  Fiber  Reinforced  Aluminum," 
6/1/91  -  5/31/93,  $170,000. 

Socie  -  Caterpillar,  "Research  in  Ceramic  Barrier  Coatings,"  no 
specific  time  period,  $50,000. 

Stubbins  -  DOE,  "Damage  Dosimetry  &  Embrittlement  Monitoring  of 
Nuclear  Pressure  Vessels  in  Real  Time  by  Magnetic  Properties 
Management"  (with  John  G.  Williams  and  Abderrafi  M.  Ougouag), 
9/30/91  -  9/29/93,  $173,896. 

Stubbins  -  DOE,  "Micromechanics  &  Micromechanisms  of  Fracture," 
1/01/91  -  12/31/91,  $68,368. 

Stubbins  -  UI/CRB,  "Center  for  Multiphase  Corrosion/Corrosion  in  Oil 
Transmission  Facilities,"  1/06/91  -  1/05/92,  $18,603. 

StuDD  -  DOE,  "Polymers  and  Organometallic  Materials  Research," 
1/1/91  -  12/31/91,  $122,528 

StuDD  -  NSF,  "Ploymeric  Liquid  Crystal  Research,"  1/1/91  - 
12/31/91,  $103,193 

Stupp  -  Air  Force,  "Polymers  and  Organometallic  Materials 
Research,"  4/1/90  -  4/1/92,  $73,559 

Tucker  -  Gen  Corp  Research  Division,  "Simulation  of  Compression 
Molding,"  1/90-  12/91,  $40,000. 
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Tucker  -  Sundstrand  Aviation,  "Residual  Stresses  in  Composite 
Parts,"  6/90  -  6/91,  $40,000. 

Tucker  -  Cray  Valley  S.A.,  "Simulation  of  Resin  Transfer  Molding," 
8/90  -  8/91,  $40,000. 

Tucker  -  Exxon  Chemical,  "Structural  Thermoplastic  Composites," 
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EXECUTIVE  SUMMARY 


Significant  improvements  in  the  strength  and  performance  of  advanced  resin  and 
metal  matrix  composites  are  founded  on  a  thorough  understanding  of  the  critical  aspects 
of  pertinent  composite  mechanics  and  materials  science  coupled  with  establishment  of 
the  engineering  requirements  for  optimum  composite  design  to  meet  performance 
demands.  The  University  Research  Initiative  in  high  performance  composite  materials 
incorporates  the  contribution  expertise  of  the  Materials  Engineering  and  Mechanical 
Engineering  and  Mechanics  Departments  at  Drexel  University  to  the  University  of  Illinois 
University  Research  Initiative  program.  Coupled  with  the  David  Taylor  Naval  Ship  R  &  D 
Center  at  Annapolis,  MD  and  the  Naval  Air  Development  Center  at  Warmininster,  PA. 
Drexel  University  addresses  those  problem  areas  key  to  significantly  improved  hybrid 
thermoplastic  and  epoxy  composites  and  composite  structures  at  the  macroscopic  and 
microscopic  levels.  Specifically,  lamina  hybrid  composites  (LHC)  and  fiber  hybrid 
composite  (FHC)  composite  structures  are  considered.  The  configuration  and  packing  of 
the  fiber  component  play  the  dominant  role  in  determining  the  properties  of  any 
composite.  Specific  attention  has  been  directed  to  hybrid  composite  stmctures  which 
will  be  examined  both  by  micromechanical  modelling  and  experimentally  in  terms  of 
measured  composite  properties  in  sufficient  detail  to  establish  a  base  for  optimizing 
larger  composite  structures.  Hybrid  composites,  e.g.  ARALL  configurations  may  have 
significant  benefit  in  damage  tolerance,  fatigue  resistance  and  formability. 

The  key  issues  emphasized  at  Drexel  University  for  evaluation  are  (i)  effects  of 
processing  variables,  (ii)  interface/interphase  thermodynamics,  kinetics  and  mechanics, 
(iii)  material  and  defect  characterization  utilizing  nondestructive,  i.e.  acoustic  emission, 
techniques  with  micromechanics  and  micro-mechanisms  of  deformation  and  failure 
supporting  the  areas  of  fiber  and  lamina  hybrid  composites.  The  faculty  and  staff 
members  involved  include  Dr.  lhab  Kamel  (i.e.  Interfacial  Modification  by  Plasma 
Processing),  Drs.  Michael  J.  Koczak  and  Murali  Vedula  (i.e.  Processing  and  Evaluation 
of  Fiber  Hybrid  Composites  and  Lamina  Hybrid  Composites),  Dr.  Jonathan  Awerbuch 
(i.e.  Tracking  Progression  of  Delamination  in  Model  Composites  Through  Acoustic 
Emission  During  Quasi-Static  and  Fatigue  Loading)  and  Dr.  Alan  Lau  (i.e. 
Micromechanics  of  Lamina  Hybrid  Composites).  The  combined  mechanics,  materials 
and  chemistry  team  provides  for  a  coordinated  interdisciplinary  approach  to  these 
composites  isssues.  For  each  of  the  research  efforts,  the  progress  and  activities  of  the 
Fall,  Winter  and  Spring  quarters  are  detailed  in  the  following  report . 

In  summary,  the  overall  goal  is  the  establishment  of  a  strong  mechanics  and 
materials  science  base  for  the  development  of  high  performance  composites  by 
considering  (i)  effects  of  processing  variables,  (ii)  interface/interphase  processing 
kinetics  and  thermodynamics,  (iii)  non-  destructive  defect  and  materials  characterization. 
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constitutive  equations  with  support  in  the  analysis  of  the  micromechanics  and 
micromechanisms  of  hybrid  composite  performance. 
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TASK  1:  ELASTIC  PROPERTIES  OF  THICK  COMPOSITES 

report  PERIOD:  July  1  -  September  30,  1991 
PRINCIPAL  INVESTIGATOR:  Emmanuel  P.  Papadakis 
INVESTIGATOR;  Yu-Min  Tsai 

STUDENT:  Thadd  Patton  (through  April,  1991) 

OBJECTIVE; 

To  measure  and  report  on  the  elastic  moduli  of  thick,  graphite-epoxy,  filament-wound 
composites. 

The  purpose  of  this  work  is  to  permit  the  calculation  of  allowed  elastic  wave  modes  and 
directions  for  nondestructive  evaluation  of  thick  composites.  In  addition,  the  anisotropic  elastic 
moduli  so  obtained  will  contain  important  information  about  the  microstructure  of  the  material  and 
the  vibration  characteristics  of  structures  made  from  it.  As  the  material  has  been  found  to  be  highly 
anisotropic,  it  is  expected  that  ultrasonic  interrogation  to  find  flaws  will  be  complicated.  To  calculate 
the  wave  propagation  phenomena  which  may  be  useful  or  detrimental,  it  is  necessary  to  measure  the 
elastic  moduli  of  the  material. 

APPROACH: 

The  approach  is  to  investigate  the  possibility  of  using  an  array  of  static  as  well  as  dynamic 
elastic  measurement  methods  to  determine  the  elastic  moduli  of  the  materials  in  the  symmetry  and 
configuration  of  the  composites.  The  parts  of  greatest  interest  are  cylinders  with  the  symmetry  axes 
defined  as  1  =  axial,  2  =  hoop,  and  3  =  radi^.  With  the  theoretical  expressions  for  the  measurable 
variables  available,  it  will  be  possible  to  pick  a  feasible  set  of  measurements  from  which  to  calculate 
the  nine  elastic  moduli  of  the  materials. 

Having  a  complete  array  of  theories  is  of  importance  from  two  points  of  view; 

(1)  The  contracting  agency  wishes  to  be  able  to  determine  the  moduli  by  using  uncut  right 
circular  cylinders  as  manufactured  rather  than  having  to  cut  special  specimens  for  laboratory 
measurement.  To  date,  the  measurements  have  been  made  on  specimens  cut  analogous  to 
crystals  of  similar  local  symmetry.  One  full-size  cylinder  has  been  obtained  to  continue  the 
work,  and  the  theories  are  necessary  for  the  interpretation  of  measurements  made  in  this 
geometry. 

(2)  Certain  deformations  may  prove  particularly  advantageous  for  flaw  detection.  These  can 
only  be  identified  and  fully  exploited  with  a  proper  theoretical  foundation. 

The  array  of  theories  and  techniques  can  be  subdivided  as  follows  to  provide  specific 
approaches; 

A.  Ultrasonic  Traveling  Bulk  Waves 

1.  Normal  Incidence 

2.  Oblique  Incidence 

3.  Surface  Excitation  by  Line  Contact 

4.  Surface  Excitation  by  Oblique  Immersion 

B.  Ultrasonic  Traveling  Surface  Waves 

C.  Ultrasonic  Traveling  Lamb  Waves 

D.  Body  Vibrations 

E.  Static  Stress-Strain 

Progress  on  these  techniques  will  be  reported  in  the  next  section.  Both  theory  and  experiment 
will  be  mention^j. 
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Summary 


This  report  covers  the  ONR-URI  research  carried  out  by  the  University 
of  Maryland  over  a  three-year  period  (9/15/86-9/14/89).  As  a  member  of  the 
University  Consortium  led  by  the  University  of  Illinois  at  Urbana- 
Champaign,  the  University  of  McU'yland  conducted  basic  research  on  1) 
mechanics  of  composite  structures  and  2)  synthesis  of  new  matrix  materials. 

The  research  on  mechanics  of  composite  structures  covered  both 
analysis  and  testing  of  structural  components  with  emphasis  on  thick  section 
composite  laminates.  In  particular,  the  focus  of  research  effort  is  to 
investigate  and  understand  prebuckling,  buckling  response  and  failure 
behavior  of  thick  section  composite  structures  including  the  effects  of  local 
imperfections  such  as  ply  wrinkles  or  ply  delamination.  Our  emphasis  in  the 
three-year  period  was  to  develop  1)  computational  tools  necessary  for 
analytical  investigation  and  2)  testing  facilities  necessary  for  experimental 
investigation  of  thick  section  composite  structures.  For  this  purpose,  a  three 
dimensional  solid  finite  element  technique  was  developed.  This  finite 
element  model  is  tailored  for  composite  shell  structures  and  is  capable  of 
handling  large  as  well  as  small  deflection.  Dr.  Vizzini  and  his  student  in  the 
Department  of  Aerospace  Engineering  carried  out  experimental  investigation 
of  notch  sensitivity  of  thick  section  composite  specimen  under  compressive 
loading. 

The  objective  of  the  research  on  matrix  material  was  to  synthesize  new 
monomers  that  will  undergo  controlled  expansions,  so  that  they  can  be  added 
to  an  epoxy  resin  to  form  a  matrix  for  carbon  fiber-epoxy  composite  that  has 
superior  impact  strength,  increased  tensile  and  shear  strength.  In  this 
important  area.  Dr.  William  J.  Bailey  (deceased)  and  his  group  in  the 
Department  of  Chemistry  made  a  significant  progress.  A  measure  of  this 
success  is  the  large  number  of  papers  they  published  in  the  refereed  journals. 

The  funding  provided  by  the  ONR-URI  program  was  instrumental  to 
the  establishment  of  the  Composites  Research  Laboratory  at  the  University  of 
Maryland.  The  program  also  allowed  us  to  obtain  the  matching  funds  from 
the  University  to  acquire  additional  equipment.  Experimental  facilities 
developed  at  Maryland  include  microprocessor  controlled  autoclave  with  3  ft 
diameter  and  4  ft  length  working  section,  220,000  lbs  MTS  uniaxial  testing 
machine  and  an  X-ray  machine  for  nondestructive  inspection. 

More  detail  description  of  the  research  effort  at  the  University  of 
Maryland  is  given  in  the  following  sections. 
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Effects  of  Microwave  Processing  on 
Fiber-matrix  Adhesion  in  Compositest 

RAJ  K.  AGRAWAL  and  LAWRENCE  T.  DRZAL* 

Department  of  Chemical  Engineering,  and  Composite  Materials  and  Structures  Center, 
Michigan  State  University,  East  Lansing,  Ml  48824-1326.  U.S.A. 


(Received  July  21,  1988;  in  final  form  November  16,  1988) 


Experiments  have  been  done  using  a  single  mode  (kb,,,,  2.4SGHz)  cylindrial  microwave  cavity  witb 
single  fiber  composite  specimens.  After  obtaining  a  cure  cycle  with  microwaves  to  match  that  achieved 
with  a  conventional  thermal  cure  cycle  as  measured  by  tensile  tests,  dynamic  mechanical  analysis  and 
differential  scanning  calorimetry,  quantitative  measurements  of  interfadal  shear  strength  and  physical 
properties  have  been  carried  out  and  compared  with  the  results  from  conventional  thermally-cured 
systems.  Under  the  conditions  studied  for  single  fiber  specimens,  the  fiber-matrix  interfacial  shear 
strength  decreases  slightly  in  both  glass-epoxy  and  aramid-epoxy  cases  as  compared  with  thermally- 
cured  specimens.  Graphite  fiber-epoxy  adhesion,  on  the  other  hand,  increases  significantly  in  these 
single  fiber  studies  in  microwave  processed  specimens  as  indicated  by  an  increase  in  the  interfadal 
shear  strength.  The  failure  mode  changes  from  interfadal  (thermal  curing)  to  matrix  failure. 

KEY  WORDS  Microwave  curing;  interface/interphase;  adhesion;  fiber  reinforced  composite;  inter¬ 
fadal  shear  strength;  single  fiber  testing. 


1,  INTRODUCTION 

The  processing  of  high  performance  and  thick  composite  materials  requires  the 
transfer  of  energy  efficiently  into  the  polymer  mass.  The  introduction  of  high 
temperature  matrix  materials  necessitates  the  use  of  very  high  temperature 
processing  equipment  for  the  production  of  these  new-generation  composite 
materials  if  traditional  thermal  processing  techniques  are  used.  Electromagnetic 
heating  of  polymer  systems  is  an  alternative  to  conventional  thermal  processing. 
Microwave  curing  of  composites  offers  the  potential  for  the  development  of  an 
extremely  fast  and  versatile  method  of  composite  processing.  Control  of  energy 
input,  duration  and  location  provides  an  inherent  flexibility  not  present  in  any 
other  technique.  Limitations  in  thermal  processing  due  to  poor  heat  conductivity 
of  polymers  and  accelerated  thermal  degradation  at  elevated  temperatures  due  to 

t  Presented  at  the  35th  Sagamore  Army  Materials  Research  Conference,  Manchester,  New 
Hampshire,  U.S.A.,  June  26-30,  1988. 

•  To  whom  all  correspondence  should  be  addressed. 
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1.  Description  of  Scientific  Research  Goals 

The  overall  behavior  of  fiber-reinforced  composites  may  be  significantly  affected  by  the 
nature  of  the  interfacial  bond  between  the  fiber  and  the  bulk  matrix  material.  Thus  micro¬ 
scale  details  such  as  the  interfacial  strength  and/or  the  constitutive  response  may  be 
extremely  important  in  determining  the  overall  structural  behavior.  For  example  the 
transvCTse  properties  of  (uni-directional)  fiber  reinforced  composite  are  strongly  influenced 
by  the  interface  behavior.  Also  the  axial  strength  and  progressive  failure  in  compression  of 
composite  structures  are  greatly  affected  by  interface  characteristics.  However,  there  is  still 
a  lack  of  understanding  of  the  relation  between  the  local  interface  behavior  at  the  micro¬ 
level  and  the  overall  mechanical  behavior  and  fracture  at  a  a  macroscopic  level.  The  aim  of 
the  investigation  was  to  address  this  issue  from  a  mechanics  perspective.  Our  attention  was 
limited  to  the  transverse  behavior  and  we  use  the  finite  element  method  to  simulate  the 
micromechanical  response  of  the  composite  and  its  effect  on  overall  deformation  and 
fracture. 


2.  Accomplishments 

The  following  discussion  of  research  accomplishments  consists  of  two  parts.  The  first  of 
these  pertains  to  the  short  duration  of  the  research  contract  with  NCCMR,  i.e.  the  six- 
month  period  from  April  1,  1989  to  September  30,  1989.  This  phase  of  our  research  laid 
the  foundations  for  the  work  which  we  have  continued  under  contract  from  ONR.  In  the 
second  part,  we  outline  some  of  our  research  accomplishments  on  the  ONR  project  which 
built  upon  our  activities  under  contract  from  the  National  Center  for  Composite  Materials 
Research. 


2.1  Research  accomplishments  contract  N00014-86-K-0799.  Subcontract  No.  89-122 

Many  investigations  of  the  transverse  behavior  of  composite  materials  have  been  carried 
out  using  appropriately  defined  unit  cells  or  composite  subdomains.  In  the  majority  of 
these  investigations,  it  has  been  assumed  that  the  bond  between  the  fiber  and  matrix  is 
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COMPOSITE  MATERIAL  INTERFACE  MECHANICS 


GRANTS 

N00014-86-K-0799 

N00014-90-J-1750 

N00014-91-J-4044 


Principal  Investigator  :  Professor  Z.  Hashin 
Dept,  of  Mechanical  Engineering  and  Applied  Mechanics 
University  of  Pennsylvania 
Philadelphia,  PA  19104-6315 


These  grants  were  funded  jointly  by  the  Air  Force  Office  of  Scientific  Research  and 
by  the  Office  of  Naval  Research  through  the  National  Center  for  Composite  Materials  at 
the  University  of  Illinois,  Urbana-Champaign.  The  effective  time  period  of  these  grants  was 
March  1,  1989  -  September  30,  1991  with  a  no-cost  extension  for  the  period  October  1  - 
December  31,  1991.  The  work  of  the  principal  investigator  was  done  at  the  DepL  of 
Mechanical  Engineering  and  Applied  Mechanics,  University  of  Pennsylvania. 

The  major  part  of  the  scientific  work  has  been  concerned  with  quantification  of  the 
concept  of  imperfect  interface,  the  modifications  of  the  theoiy  of  composite  materials  for 
imperfect  interface  and  evaluation  of  the  effect  of  various  kinds  of  imperfect  interface  on 
various  properties  of  various  composite  materials.  In  addition  a  study  of  the  effect  of  matrix 
nonlinearity  and  imperfect  interface  on  the  critical  compressive  stress  of  unidirectional  fiber 
composites  has  been  performed.  The  work  performed  has  been  published  and  submitted  for 
publication  in  8  papers  which  are  listed  below. 

1.  Z.Hashin,  Thermoelastic  properties  of  fiber  composites  with  imperfect  interface". 
Mechanics  of  Materials,  8,  333-348,  (1990). 

2.  Z.  Hashin,  "Composite  materials  with  viscoelastic  interphase".  Mechanics  of 
Materials,  11,  135-148,  (1991) 

3.  Z.  Hashin,  "Composite  materials  with  interphase  :  Thermoelastic  and  viscoelastic 
effects",  in  Inelastic  Deformation  of  Composite  Materials.  G.J.  Dvorak,  Ed., 
Springer  Verl.,  3-34,  (1991). 

4.  Z.  Hashin,  "Micromechanics  aspects  of  damage  in  composite  materials",  in 
Durability  of  Composite  Materials  Systems.  A.H.  Cardon  and  G.  Verchery,  Eds. 
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Elsevier  Applied  Science,  27-45,  (1991). 

5.  Z.  Hashin,  The  spherical  inclusion  with  imperfect  interface  conditions",  J.  Appl. 
Mech.,  58,  444-449,  (1991). 

6.  Z.  Hashin,  "Thennoelastic  properties  of  particulate  composites  with  imperfect 
interface",  J.Mech.Physics  Solids,  39,  745-762,  (1991) 

7.  Z.  Hashin,  "Extremum  principles  for  elastic  heterogeneous  media  with  imperfect 
interface  and  their  application  to  bounding  of  effective  moduli",  J.Mech.Physics 
Solids  (in  press). 

8.  Z.  Hashin,  "Effect  of  matrix  nonlinearity  and  imperfect  interface  on  compressive 
strength  of  fiber  composites",  (to  be  published) 

Attached  are  copies  of  the  first  pages  of  the  above  listed  publications,  including 
abstracts. 

In  addition  the  principal  investigator  has  given  invited  lectures  on  these  subjects  at 
the  following  places  and  occasions,  during  the  grant  period  : 

Yale  University 

University  of  North  CaroUna  (Raleigh)  -  Distinguished  Lecture  Seminar 

Princeton  University 

University  of  Pennsylvania 

Arizona  State  University 

Rensselaer  Polytechnic  Institute 

University  of  Delaware 

Free  University  of  Brussels,  Belgium 

University  of  Illinois,  Urbana 

Annual  Meeting  of  the  Society  of  Engineering  Science,  Eringen  Medal  acceptance 
lecture,  Ann  Arbor,  MI,  October  1989. 

lUTAM  Symposium  on  Inelastic  Behavior  of  Composite  Materials,  RPI,  NY,  August 
1990 

Annual  Meeting  of  the  Society  of  Engineering  Science,  Santa  Fe,  NM,  1990 
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Engineering  Science  and  Mechanics  Department 
Blacksburg,  Virginia  24061-0219 


This  report  highlights  three  analyses:  (1)  residual  strains  in  University  of  Maryland 
specimens;  (2)  shear  stress-strain  behavior  of  DTRC  thick-walled  cylinders;  and  (3) 
interlaminar  strains  at  hole  boundaries  in  DTRC  plates  in  compression.  Additional 
analyses  of  thick— section  composites  are  listed;  details  are  given  in  our  Annual  Progress 
Report,  September  1988-9. 

Two  new  initiatives  will  be  undertaken  in  1990  under  direct  ONR  Sponsorship.  In 
one,  a  unique  ring-test  fixture  developed  by  Hercules  Aerospace  will  be  used  to  apply 
external  pressure,  while  micromechanical  deformations  of  thick-walled  rings  are  measured 
by  moire  interferometry.  In  the  other,  a  new  method  for  determination  of  shear 
stress-strain  properties  of  composites  will  be  investigated. 

Research  to  advance  experimental  techniques  is  continuing.  The  development  of 
Ultra-high  sensitivity  techniques  for  deformation  measurements  in  microscopic  fields  of 
view  is  being  pursued  with  vigor. 
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